The crystal structure of ribosomal protein S8 bound to its target 16 S rRNA from a hyperthermophilic archaeon Methanococcus jannaschii has been determined at 2.6 A Ê resolution. The protein interacts with the minor groove of helix H21 at two sites located one helical turn apart, with S8 forming a bridge over the RNA major groove. The speci®city of binding is essentially provided by the C-terminal domain of S8 and the highly conserved nucleotide core, characterized by two dinucleotide platforms, facing each other. The ®rst platform (A595-A596), which is the less phylogenetically and structurally constrained, does not directly contact the protein but has an important shaping role in inducing cross-strand stacking interactions. The second platform (U641-A642) is speci®cally recognized by the protein. The universally conserved A642 plays a pivotal role by ensuring the cohesion of the complex organization of the core through an array of hydrogen bonds, including the G597-C643 ÁU641 base triple. In addition, A642 provides the unique base-speci®c interaction with the conserved Ser105, while the Thr106 -Thr107 peptide link is stacked on its purine ring. Noteworthy, the speci®c recognition of this tripeptide (Thr-Ser-Thr/Ser) is parallel to the recognition of an RNA tetraloop by a dinucleotide platform in the P4-P6 ribozyme domain of group I intron. This suggests a general dual role of dinucleotide platforms in recognition of RNA or peptide motifs. One prominent feature is that conserved sidechain amino acids, as well as conserved bases, are essentially involved in maintaining tertiary folds. The speci®city of binding is mainly driven by shape complementarity, which is increased by the hydrophobic part of side-chains. The remarkable similarity of this complex with its homologue in the T. thermophilus 30 S subunit indicates a conserved interaction mode between Archaea and Bacteria.
Introduction
Small subunit ribosomal primary proteins bind independently to 16 S rRNA and are required for proper assembly of the 30 S ribosomal subunit. 1 The recent medium-resolution of the Thermus thermophilus 30 S ribosomal subunit 2, 3 provides invaluable clues to understand how these proteins exert their functions as well as structural bases to earlier observations. In particular, ribosomal protein S8 plays a pivotal role in the assembly of the central domain and is required for subsequent binding of proteins S5 and S12. 4, 5 Binding of protein S8 to 16 S rRNA has retained considerable interest over the last two decades, resulting in an extensive body of data collected from chemical crosslinking, enzymatic and chemical footprinting, modi®cation interference, site-directed mutagenesis, Selex and NMR studies. Brie¯y, nucleotides essential for S8 recognition were localized in a highly conserved and irregular region (nucleotides 595-598/640-644), which interrupts the bottom part of helix H21. 6 ± 11 Furthermore, in vitro Selex experiments 12 con®rmed the essential role of this conserved core region and suggested the existence of strong structural constrains revealed by covariations not found in nature. NMR studies 13, 14 were fully consistent with this view and suggested the existence of base triples.
Although binding af®nity measurements indicated that a restricted region of helix H21 (nucleotides 588-602/636-651) is suf®cient to provide determinants for S8 binding speci®city and stability, 9 ,11 additional protections were mapped in helices H25 and H26a. 15, 16 These additional contacts were recently con®rmed by directed hydroxyl radical probing 17 and crystallographic data on 70 S ribosome and 30 S isolated subunits. 2, 3, 18 In Escherichia coli, S8 is also an important regulatory protein that binds speci®cally to the polycistronic mRNA spc, containing its own gene as well as the genes for nine other ribosomal proteins. 19 The target site of E. coli S8 on the spc mRNA is similar to the 16 S rRNA target site in helix H21, showing that the protein recognizes structurally analogous sites in both RNAs (for review see 20 )
. Ribosomal protein S8 is highly conserved among the three kingdoms, Bacteria, Archaea and Eukarya. In general, the sequences of archaeal ribosomal proteins are more related to their eukaryal than to their bacterial counterparts. 21 The protein used in this study, S8 from the hyperthermophilic (optimal growth temperature 85 C) Archaeon Methanococcus jannaschi (MjaS8), shares 27 % to 33 % identical amino acid residues with bacterial S8 proteins, but up to 45 % to 50 % identical amino acid residues with eukaryal S15a proteins, homologous to bacterial and archaeal S8. Archaeal S8 was not studied as intensively as its bacterial counterpart.
In this work, the structure of the complex between M. jannaschii S8 and a short RNA fragment corresponding to its primary target site on 16 S rRNA, has been determined at 2.6 A Ê resolution and compared with the corresponding complex within the bacterial 30 S ribosomal subunit. The present structure, together with previous data from mutagenesis, and natural as well as arti®cial phylogeny, shed a new light on the role of conserved nucleotides in building the binding site for S8 on 16 S rRNA.
Results

Structure determination of S8-rRNA complex
Ribosomal protein S8 from M. jannaschii (Figure 1(a) ) was co-crystallized with a 37-nucleotide 16 S rRNA fragment corresponding to the bottom part of helix H21 (E. coli nomenclature) and containing the conserved core region known to be essential for binding (Figure 1(b) ). The RNA helix was capped with a UUCG tetraloop following a strategy already employed. 22 This short 16 S rRNA fragment retains the full binding capacity for MjaS8. The crystals belong to space group P4 3 2 1 2 with cell parameters a b 121.7 A Ê , c 138.0 A Ê and diffract to 2.6 A Ê resolution. There are two Figure 1 . (a) Representative sequences of S8 from the three kingdoms: Archaea (MjaS8), Eukarya (Human S15a) and Bacteria (TthS8). The numbering is for MjaS8. Positions of a helices and b strands in MjaS8 and TthS8 are shown. The conserved (S/T)-T-(S/T/P)-X-G is boxed. Sequence comparison of 106 sequences from proteins homologous to S8 indicated an absolute conservation of Thr and Gly in position 2 and 5 of the peptide motif, respectively. The ®rst amino acid residue was either Ser or Thr with a single exception (Tyr). The third residue was predominantly Ser (88Â), or Pro (10Â), Thr (4Â), Asp or Asn (2Â each). The fourth residue was any residue (X). (b) Secondary structure of the Mja 16 S rRNA fragment corresponding to nucleotides C651 to U602 and G637 to G587 from E. coli. Additional nucleotides (at both 5 H and 3 H ends and in the capping UUCG loop) are in italics. Nucleotide changes in T. thermophilus are indicated. The frequency of occurrence of nucleotides in the central conserved core (boxed in yellow) in bacterial and archaeal species is shown in the insert. Red residues are invariant. complexes per asymmetric unit of the crystal, rotated almost exactly by 90 relative to each other. The structure was determined by combination of multiwavelength anomalous dispersion (MAD) and single isomorphous replacement (SIR) using selenomethionyl protein as a derivative. Initial phases, calculated at 3.0 A Ê , produced an overall ®gure of merit of 0.72 (Table 1) . These phases were improved and extended by density modi®cation and phase extension technique to 2.6 A Ê resolution. 23 The resulting electron density map was of excellent quality ( Figure 2 ) and readily allowed the ®tting of the whole rRNA fragment and most of MjaS8 amino acid residues. Due to a signi®cant¯exibility of the N-terminal regions of both protein molecules, the ®rst residue in molecule I, and residues 1 to 4 in molecule II, were not visible. This model was re®ned to an R-factor of 21.8 % (R free 25.1 %) with good geometry ( Table 2 ). The ®nal model includes 3616 nonhydrogen atoms, 247 water molecules and four sulfate anions.
Structure of MjaS8
A ribbon diagram of M. jannaschii S8 in complex with RNA is presented in Figure 3 (a). The protein consists of two domains that are immediately adjacent within the sequence. The close vicinity of the two domains is also characteristic of the homologous eukaryal S15a proteins, whereas the domains in bacterial S8 proteins are connected by a loop protruding from the main core of the molecule. This interdomain loop can vary in length and it is especially long (13 residues) in S8 from Thermus thermophilus (TthS8). The location of secondary structure elements along the amino acid sequence is presented in Figure 1(a) .
The N-terminal domain (residues 1 to 67) contains two long helices (a 1 and a 2 ) and a three- The two MjaS8 proteins in the asymmetric unit of the crystal have identical conformations with a root mean square (r.m.s.) deviation between C a atoms of 0.66 A Ê . The main difference between the two molecules is in the loop between helix a 3 and strand b 6 (residues 96-99), due to different crystal packing interactions.
The overall structure of MjaS8 in the isolated complex is very close to the structures of unbound S8 from B. stearothermophilus (BstS8) 24 and from T. thermophilus (TthS8) 25 as well as to the structure of S8 in the 30 S subunit of T. thermophilus ribosome. 3 The N-terminal domains of these various S8 proteins are topologically identical, but superimposition of these domains reveals a difference between MjaS8 and other S8 proteins in the loop between strands b 2 and b 3 (residues 54-59), yielding an r.m.s. deviation of about 1.3 A Ê between C a atoms of MjaS8 and BstS8 or TthS8. The structures of the C-terminal domains (without region 76-99) are essentially preserved in all S8 proteins with an r.m.s. deviation of about 0.6 A Ê . This indicates that the S8 structure is rather conserved among different species and does not undergo important structural conformational change upon rRNA binding. Moreover, superimposition of the isolated complex from M. jannaschii with the homologous part in T. thermophilus 30 S subunit 3 indicates that the interaction modes are conserved in both species (Figure 4) .
The region 76-99 is the most variable part of the S8 structure. In MjaS8, this region contains helix a 3, strand b 5 and a bulge (76-77), located between strands b 4 and b 5 . In both bacterial proteins, two loops are replacing the bulge and helix a 3 . One of these loops contains some residues in a 3 10 helix conformation.
Structure of the 16 S rRNA fragment
The two RNA molecules in the asymmetric unit can be superimposed with an r.m.s. deviation between P atoms of about 1.0 A Ê , whereas those nucleotides that interact with the protein coincide much better (r.m.s. deviation of 0.34 A Ê ). The structure of the short RNA fragment from M. jannaschii is almost superimposable to the homologous helix H21 region in the T. thermophilus 30 S subunit ( Figure 4) . Also, the closing UUCG tetraloop was found to adopt a conformation similar to that described previously. 22, 26 Strikingly, all nucleotides (with the single exception of the second U residue located in the UUCG tetraloop) are involved in hygrogen bonding, forming either Watson-Crick interactions or non-canonical interactions ( Figure 5 ). The two stems¯anking the conserved internal core form regular A-helices (H21a and H21b). Nucleotides building the internal core form a complex structure constrained by secondary and tertiary structure interactions. Two dinucleotide-platforms, an A-A platform on one strand (A595-A596), and a U-A platform on the other strand (U641-A642), are facing each other ( Figure 6 (a)). The helical conformation is distorted in such a way that the major groove is suf®ciently narrowed to allow A595 and U641 to be in stacking interaction ( Figure 6 (a)). Such a platform, giving rise to side-by-side base interaction of two successive nucleotides, was ®rst described for the A-A platform in the P4-P6 ribozyme domain of the group I intron. 27 As in P4-P6, there is formation of a base triple (U644-A596 ÁA595) with the 3 H -A of the platform (A596) being Watson-Crick bonded to U644 ( Figure 6(b) ). This base-triple has an important shaping role, indirectly participating in S8 binding speci®city. It was previously described from a NMR study of the E. coli complex. 13, 14 The U641-A642 platform, on the contrary, is the major speci®city determinant of the S8 recognition site (see below). This platform is stabilized by hydrogen bonding between the O2 of U641 and the N6 group of A642 ( Figure 6(c) ). Such kind of U-A platform has already been described in an NMR study of the HIV-1 RNA packaging signal. 28 Importantly, the O2 position of U641 is at a hydrogen bond distance (3.16 A Ê ) from the exocyclic amino group of C643 ( Figure 6(c) ), thus con®rming the G597-C643 ÁU641 base triple deduced from in vitro and in vivo Selex experiments. 12, 29 It is to be noticed that the implication of U641 (O2) in the G597-C643 ÁU641 base triple on one hand, and in the interaction with A642 on the other hand, was observed by NMR in the E. coli homologous complex, but in alternate conformations.
14 The crystallograhic data unambiguously show that these two interactions are not mutually exclusive (Figure 6(c) ). In addition, the other hydrogen of amino group of A642 can form a hydrogen bond with the O2 of U598, which is paired with A640. Thus, U641 and A642 are both participating in base triples and are themselves interconnected through hydrogen bonding, resulting in an intimate cross-talk between core nucleotides (G597, U598, A640, U641, A642, and C643). The structural organization of the core is remarkably conserved with its homologous part of the T. thermophilus 30 S subunit. 3 A strict superimposition is observed for the A642-U641 platform and surrounding nucleotides.
Finally, this interconnection scheme results in discontinuities in strand stacking. As already noticed, the narrowing of the major groove allows stacking of U641 on A595, which induces a crossstrand stacking between two discontinuous strands (G586 to A595 and G637 to U641). On the other hand, both bases of the A596-U644 pair stack on the purine ring of G645 from the wobble pair U594-G645. As a result, stacking interactions are bifurcated into parts, A596 to U602 and G645 to A642 ( Figures 5 and 6(a) ), with the second part terminating at A642 which protrudes from the minor groove.
Rather surprising is the ®nding that no Mg 2 appears to contribute to the stabilization of the RNA core and surrounding helices, in contradiction with observations made in the E. coli RNA.
14,30 This is most likely accounted for by the very high stability of helix H21a in the hyperthermophile sequence (À23.2 kcal), as compared to the corresponding one in E. coli (À3.4 kcal). In agreement with this explanation, we had previously found that in E. coli helix H21a and the core nucleotides were completely melted in the absence of Mg 2 .
14,30
Protein-RNA interactions
Upon complex formation, 1880 A Ê 2 of protein and RNA surface is buried. RNA protein interactions are schematically represented in Figure 5 . The amino acid residues interacting directly with RNA through both their main and side-chains are located in the C-terminal four-stranded b-sheet and adjacent loops (Arg78, Lys82, Lys83, Ser105, Thr107, Gly122 and Arg124) and helix a 2 in the N-terminal domain (Lys32 and Arg36). They delineate two sites of unequal size interacting with the RNA minor groove, located one helical turn apart, with S8 forming a bridge over the RNA major groove. Importantly, all of RNA-protein interactions but one are made with the ribose-phosphate backbone of residues 598, 640, 642, 643 in the core, 599 to 601 in helix H21b, and 590 to 591 in helix 21a ( Figure 5 ).
The major site is mostly built by residues of the C-terminal domain of the protein. This site appears to be predominantly involved in speci®c interactions with the RNA core. The most prominent feature is a precise shape complementarity between the tripeptide Ser105-Thr106-Thr107 and the RNA minor groove surface at the U641-A642 platform (Figure 7(a) ). The side-chain of Ser105 contacts both the N3 of A642 and its 2 H OH, while Thr107 contacts the 2 H OH of A640 (Figure 7(a) ). Noteworthy, the contact between N3 of A642 and Ser105, which involves highly conserved residues, is the unique base-speci®c interaction observed in the complex. One striking feature is the stacking of the peptide link between Thr106 and Thr107 on Figure 4 . Stereo view of the comparison between the present structure and its counterpart in the 30 S subunit structure. 3 The comparison was made by superimposing only the C a atoms of residues 100-130 (MjaS8 numbering). The protein and RNA backbones from the present structure are in magenta and brown, respectively. RNA-protein Interactions in S8-rRNA Complex A642 of the U-A platform (see Discussion for more details). In addition, Lys82, Lys83, Glu122 and Arg124 make non-speci®c contacts with the ribosephosphate backbone of U598 to C601. Only one residue of helix a 2 in the N-terminal domain (Arg36) participates to this site.
The other site is restricted to unspeci®c interactions of Lys32 of the N-terminal domain with the minor groove phosphoribose backbone of C590, C591. This contact appears to be essentially nonspeci®c, since it involves the phosphate group of the backbone of a regular A-helical region. Moreover, nucleotides forming this standard helix are not conserved through natural and arti®cial phylogeny. 12 However, this unspeci®c contact is necessary to confer optimal binding, since shortening RNA fragments by a few base-pairs in helix H21 decreased the stability of the complex.
9,11
The interacting amino acid residues form a rather¯at surface precisely adapted for interaction with the widened minor groove of the RNA central core. Interestingly, the hydrophobic part of side-chains contribute to increase surface complementarity, as already reported in the case of the L11-23 S rRNA complex. 31 All contacts are fully consistent with observed hydroxyl radical footprint. There is a striking conservation between the complex from M. jannaschii and the corresponding region in the T. thermophilus 30 S subunit (Figure 4 ). Most interacting residues belong to the part of the C-terminal domain, which is strictly preserved. Corresponding residues of TthS8 (Figure 1(a) ) form identical interactions with the respective nucleotides of 16 S rRNA in the T. thermophilus 30 S subunit. In particular the precise adjustment between the A-U platform and the tripeptide (Ser-Thr-Ser in T. thermophilus) is conserved. The only difference is that the side-chain of Ser107 makes an additional hydrogen bond with N3 of A640 in T. thermophilus.
Discussion
S8-rRNA interactions are mostly driven by shape complementarity
The structure of the complex between MjaS8 and a short RNA fragment corresponding to the bottom part of helix H21 of its homologous 16 S rRNA is remarkably similar to its bacterial counterpart in the complete T. thermophilus small subunit. 2, 3 The ®rst lesson that can be drawn from this observation is that the mechanism of protein-RNA recognition and binding has retained the same rules in the two different kingdoms. Analysis of two S8 structures in the bound form has shown that the structures of the C-terminal domains (excluding variable part) are strictly preserved in Archaea and in Bacteria. Based on the high degree of identity of archaeal S8 and eukaryal S15a proteins, it is tempting to assume that the eukaryal S15a/18 S rRNA complex is very similar to the archaeal S8-16 S rRNA complex. Unfortunately, the corresponding protein binding site on 18 S rRNA is not yet identi®ed. The large nucleotide insertion present in this region (variable region V4) was subjected to extensive sequence analysis and proposed to fold into a complex secondary structure, involving two pseudoknots. 32 At present, no common motif could be detected on the basis of the secondary structure but similarity might exist on a three-dimensional level.
Comparison of the structure of S8 in bound and free states indicates that the protein structure does not change upon interaction with RNA. It was also 27 The St-P1-P2 motif in the receptor, and base N in the tetraloop, are indicated.
RNA-protein Interactions in S8-rRNA Complex
concluded from NMR studies that E. coli S8 binds to helix H21 without signi®cant alteration in the structure of the RNA core in the presence of Mg 2 . 13 On the other hand, the E. coli RNA core was shown to contain Mg 2 binding sites that participate to the stabilization of the secondary and tertiary structure elements of the core. 13, 14, 30 Consistently, E. coli S8 binding was found to depend on Mg 2 concentration. 33, 34 However, the electron density map of the M. jannaschii S8-rRNA complex did not reveal any peak attributable to Mg 2 which could be involved in stabilization of the RNA structure, even though the complex was prepared in the presence of Mg 2 . More likely, the high stability of helix H21a in M. jannaschii is suf®-cient to lock into place the complex interactions that built the central core, so that Mg 2 is not needed. In line with these observations, we found that the MjaS8-RNA complex could be obtained in the absence of Mg 2 (results not shown). Strikingly, conserved amino acid residues are essentially needed for stabilization of the structure of the RNA binding part of the molecule, but not for direct interaction with RNA. As an example, the side-chain of Thr106, conserved in all known S8 sequences, strongly stabilizes the turn between b 6 and b 7 by hydrogen bonding with the main chains of Gln108 and Gly109. The speci®city of interaction appears to be mainly driven by surface complementarity, which is increased by the hydrophobic part of side-chains. On the other hand, conserved nucleotides in the RNA moiety do not provide speci®c determinants for S8, with the sole exception of the N3 position of A642, and possibly A640, as in T. thermophilus. Indeed, A642 occupied a pivotal position by ensuring the cohesion of the complex organization of the core and building of the A-U platform that is essential for binding speci®city. Thus, conserved nucleotides constrain a unique three-dimensional folding of the ribosephosphate backbone which builds up the protein recognition surface. The prevalence of backbone interactions and shape complementarity was already stressed in the case of recognition between rRNA and proteins L11, 31,35 L30 36 and S15. [37] [38] [39] Strikingly, this kind of recognition through shape complementarity involving RNA backbone conformation appears to be more stringently constrained than recognition between functional groups of bases and side-chains of amino acid residues that show possibilities of mutual adaptation. 39, 40 On the contrary, only limited and coordinated changes are tolerated in nucleotides governing the three-dimensional folding of the RNA. 12 This requirement for coordinated (and viable) changes probably accounts for the selection of a few nucleotide combinations through evolution. 29 Structural and evolutionary constraints of the RNA central core
The central core constituting the main recognition site of S8 is extremely conserved (Figure 1(b) ). The most prominent feature is the ubiquitous presence of G597, A642 and C643 among Archaea and Bacteria. Surrounding nucleotides are conserved to diverse degrees, ranging from 55 to 92 %. Although nucleotide 641, which forms a platform with the universally conserved A642, appears to be the less conserved, there is a strong bias to maintain A or U at this position (in 93 % of the cases), A being predominantly represented (55 %). The frequent replacement of U641 by an A, leading to a A-A platform, can be accounted for by the fact that the N3 of an A can substitute for the O2 of a U, which allows the formation of a G-C ÁA triple. Modeling of the A641 mutant indicates that the adenine stacks perfectly on A595, while its N3 still allows interactions with both C643 and A642. In addition, the amino group of the adenine is able to form a hydrogen bond with the 2 H -OH group of A595 (not shown). Interestingly, in vitro Selex experiments allowed us to isolate functional variants that do not exist in nature. 12 In particular, these aptamers showed variations at the universally conserved positions 597 and 643 and they were found to covary with position 641, leading to the proposal of a G-C ÁU base triple. As an example, binding of S8 was lost when the G597-C643 base was inverted, and restored by the coordinate change of U641 to A. As another example, the single substitution of U641 by a C was shown to abolish S8 binding. 9 Binding was restored by coordinate changes of G597 and C643 by a U and a G, respectively, while these changes abolished binding in the presence of the wild-type U641. 12 The deleterious effect of the U to C641 change remains puzzling since the O2 group would in principle allow the same hydrogen bonds as those triggered by U641 (O2). However, the presence of different functional groups at N3 and N4 might favor the formation of an alternative hydrogen bonding scheme or/and change the hydration pattern. This cannot be simply explained by an alternative pairing with G597, preventing the formation of the G597-C643 base-pair, as suggested. 14 Indeed, the single C641 mutation induced a hyperreactivity of the mutated nucleotide at N3 while G597 and C643 remained unreactive at WatsonCrick positions. 10 Finally, the various alternative base triples G-CÁA, C-GÁA, U-G ÁC and CÁAÁA were found functional in vivo. 29 Noteworthy, the A595-A596 platform appears to be less structurally constrained than the U641-A642 one. Indeed, the U644-A596 ÁA595 triple is replaced by G-C Á G in T. thermophilus rRNA. Moreover, A595 cannot be deleted but can be substituted by U without any effect in E. coli.
9 Diverse functional combinations also emerged from Selex experiments, 29 consistent with natural phylogeny (i.e. U644.U596.G597, U.U.A, U.C.C, U.U.A). This less stringent requirement can probably be explained by the fact that a large variety of combinations allow this kind of platform. Furthermore, this triple appears to be structurally independent from the rest of the core in the crystallographic structure, in contrary to the other core nucleotides, which are structurally interdependent ( Figures 5  and 6(b) ). This platform is not directly recognized by S8, but is the starting point of stacking changes, leading to bifurcated and cross-strand stacking interactions ( Figures 5 and 6(a) ).
Dinucleotide platform, a dual role in RNA and protein recognition
It is particularly interesting to examine in detail the dual role of a dinucleotide-platform, ®rst, as originally described, as an RNA tetraloop-receptor in the P4-P6 ribozyme domain, 27 second, as seen in the present case, as an amino acid-receptor. In both cases, the RNA receptor motif can be described as 5
H -St-P1-P2-3 H , P1 and P2 standing for the residues of the platform, and St standing for a residue whose base is stacked onto the P1 base (Figure 7 (a) and (b)). In the P4-P6 receptor, this structure binds a GNRA tetraloop (N standing for any base, R for a purine) with the N base being stacked onto the P2 base (Figure 7(b) ). In the S8-RNA complex, an analogous receptor binds three amino acid residues Ser105-Thr106-Thr107 in M. jannaschii, and Ser113-Thr114-Ser115 in T. thermophilus 3 located in a b-turn (b 6 -b 7 ), and should now be termed as à`b -turn receptor''. Remarkably, in both S8-RNA structures, the planar peptide link between the second and third residues is stacked onto the P2 base and thus plays the role of the N-base in the RNA tetraloop (Figure 7(a) ). The mode of interaction of the ®rst and third amino acid of the tripeptide with the P2 and St residues is also very similar in both S8-RNA structures. In both cases, the ®rst threonine side-chain OH group acts, like a water molecule, as a H-bond donor for N3 of A642, as well as a H-bond receptor for the 2 H -OH group of the ribose (Figure 7(a) ). Interestingly, a systematic study of RNA hydration has shown that this site of interaction for the side-chain OH group is a stable binding site for a water molecule. 41 In the T. thermophilus complex the third amino acid residue (Ser115) makes identical contacts with A640. In the present structure, only the H-bond between Thr107 (OH) and the 2 H -OH group of the A640 ribose is seen.
Sequence comparison of protein S8 (S15a in Eukarya) revealed a very strong conservation among the three kingdoms of the (S/T)-T-(S/T)-X-G motif located at the b 6 -b 7 turn, with very few exceptions for the tripeptide (S/T)-T-(S/T) (Figure 1(a) ). Indeed, the third amino acid is sometimes replaced by a proline, especially in the Methanococcus family. It should be stressed that a proline at that position, although not permitting hydrogen bonding should stabilize the b-turn. Otherwise, an absolute conservation of the glycine in the ®fth position is observed (G109 in M. jannaschii). The latter is immediately explained by the need to avoid a clash between any bulky sidechain at that position and the O4 H of P2 in the RNA receptor which would prevent a correct interaction of the b-turn with the RNA platform (Figure 7(a) ). Thus, the conserved pentapeptide motif (S/T)-T-(S/T)-X-G appears as the signature for the recognition of a speci®c site on rRNA. This strongly suggests the existence of a similar target rRNA dinucleotide-platform in the three kingdoms.
Additional contacts do not interfere with the primary binding site
Comparison between the structure of the minimal MjaS8-RNA complex and the whole T. thermophilus 30 S subunit also teaches us that the additional contacts present in the 30 S subunit do not interfere with binding of S8 in its helix H21 site. In the T. thermophilus 30 S subunit, the N-terminal a-helix interacts with helix H25 and the interdomain loop with helix H26a of 16 S RNA. Residues of the variable part of the C-terminal domain of TthS8 interact with helices H25 as well as H21. 2, 3, 17, 18 These contacts apparently provide a weak contribution to the free energy of binding, since S8 was found to bind with a similar apparent K d to the restricted RNA site and complete 16 S rRNA. 9, 34 In agreement with these observations, footprint at the additional sites was directly dependent on the integrity of the conserved core region (H.M. et al., unpublished). Most likely, they are formed subsequently to binding at stem H21 and are probably required for promoting, or stabilizing, a correct folding of the central region required for further assembly. A similar observation was made with protein S15, whose binding to the three-way junction between helices H20, H21 and H22 stably anchors the protein to the RNA. Besides, binding to a second site, which modestly contributes to the stability, induces a conformational adjustment and additional contacts that are required for proper assembly of the platform. 37 ± 39 Thus, separate RNA sites with distinct roles most likely represent a characteristic of primary binding proteins. Binding at a high af®nity site (the core region in the case of S8, the three-way junction in the case of S15) enables stable anchoring of the protein, while binding at secondary site(s) triggers conformational adjustments that are required for subsequent steps of subunit assembly.
Materials Sample preparation and crystallization
The 37-nucleotide RNA fragment was obtained by transcription from synthetic DNA template, using T7 RNA polymerase. RNA was puri®ed by electrophoresis on denaturing (7 M urea) 18 % (w/v) acrylamide (18:1, acrylamide/bis-acrylamide) gels, using 90 mM Trisborate (pH 8.2), 1 mM EDTA as running buffer. RNA was eluted by 50 mM Tris-HCl buffer (pH 7.5) (25 C), 1 mM EDTA, puri®ed by anion-exchange (DEAE-Toyopearl) chromatography, precipitated by ethanol and dissolved in 15 mM sodium cacodylate buffer (pH 6.5), with 5 mM MgCl 2 . The gene for M. jannaschii ribosomal protein S8 was cloned and overexpressed in E. coli strain RNA-protein Interactions in S8-rRNA Complex BL21(DE3) as a host. To avoid a potential misincorporation of amino acids (e.g. lysine instead of arginine, as in 42 ) the host strain was cotransformed with pUBS520, a plasmid carrying the gene for tRNA ARG AGA/AGG . 43 For MAD phasing, selenomethionine-S8 was produced by essentially the same procedure but with E.coli strain B834(DE3) and minimal media containing selenomethionine. 44 Cells were suspended in 100 mM Tris-HCl buffer (pH 7.5) (25 C), 0.8 M NaCl, 100 mM MgCl 2 , 0.2 mM EDTA, 5 mM DTT, 0.1 mM diisopropyluorophosphate and disrupted by brief sonication. The cell debris and the ribosomes were removed by centrifugation. The main contaminating proteins in the supernatant were then precipitated by heating for ten minutes at 65 C and removed by centrifugation. The supernatant was then diluted with 60 mM sodium acetate (pH 5.5), to adjust the concentration of NaCl to 0.25 M and the protein was puri®ed by cation-exchange chromatography (CM-Toyopearl). A linear gradient from 0.25 M to 0.8 M NaCl was used for elution. Then the protein preparation was dialyzed into 40 mM sodium cacodylate buffer (pH 6.5), with 40 mM NaCl and 2 mM DTT. The RNA fragment and the protein S8 were mixed in equimolar amounts (3 mg/ml for RNA and 3.5 mg/ml for S8). Crystals were grown by the vapor diffusion method at 4 C. Hanging drops were made by mixing RNA-S8 complex with 2.8 M (NH 4 ) 2 SO 4 in 100 mM sodium cacodylate buffer (pH 6.5), in a 2:1 volume ratio, respectively, and the well solution was made from 2.2 M (NH 4 ) 2 SO 4 in 100 mM sodium cacodylate buffer (pH 6.5). Crystals appear within three days. Before freezing in liquid nitrogen, the crystals were transferred to 30 % (w/v) glucose with 2.5 M (NH 4 ) 2 SO 4 , 100 mM sodium cacodylate (pH 6.5).
Structure determination
Three data sets collected from crystals containing selenometheonines (SeMet) were used to solve the structure of the S8-rRNA complex. Two three-wavelength MAD experiments were performed at beamline BM30 ESRF (Grenoble). The ®rst data set (20-2.60 A Ê ) had a good anomalous contribution but its completeness at low resolution was insuf®cient. The second one (40-2.95 A Ê ) was complete, but its anomalous contribution was too small to solve the phase problem unambiguously. A third single wavelength data set (40-2.90 A Ê ) from native and SeMet crystals was collected at beamline X11 of DESY (Hamburg). From the last data the positions of four Se atoms (two per molecule, among four in asymmetric unit) were determined unambiguously and used to calculate phases for other data sets. The crystal used to collect the ®rst data set allowed to localize a ®fth Se atom at position 4 of the ®rst molecule. All experimental phases (20-3.0 A Ê resolution) were combined (m 0.72) and assigned to the ®rst data set supplemented by structure amplitudes from the second one. The programs used were DENZO 45 and MOSFLM 46 for data processing, RSPS for heavy atom localization, MLPHARE for phasing and SIGMAA for phase combination, 46 
SOLOMON
23 for density modi®cation, O 47 for model building and CNS 48 for re®nement.
Protein Data Bank accession code
The structural data and the coordinates for the S8-RNA complex have been deposited with the RCSB protein data bank (entry code is 1i6u).
